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Abstract

Metabolic subtlety and clinical relevance of different forms of reactive oxygen species in diabetes remain unclear.
Using single knockout of Cu,Zn-superoxide dismutase (SOD1-=-) or Se-glutathione peroxidase-1 (GPX1-=-) and
their double-knockout (DKO) mouse models, we determined if elevating endogenously-derived superoxide and
hydroperoxide exerted distinct impacts and mechanisms on body glucose homeostasis. Whereas the three
knockout groups displayed decreased plasma insulin concentrations and islet b-cells mass, only SOD1-=- showed
decreased body weight, increased blood glucose, and blocked glucose-stimulated insulin secretion. Null of SOD1
and GPX1 elevated respective islet superoxide and hydroperoxide production, and upregulated p53 phos-
phorylation. Knockout of SOD1 downregulated the foxhead box A2=pancreatic and duodenal homeobox 1
pathway in a superoxide-dependent fashion at epigenetic, mRNA, and protein levels in islets, but improved
insulin signaling in liver and muscle. The SOD1-=- mice showed more apparent pancreatitis than the GPX1-=-

mice that were more susceptible to the cerulein-induced amylase increase. Knockout of SOD1 impaired islet
function, pancreas integrity, and body glucose homeostasis more than that of GPX1. Simultaneous ablation of
both enzymes did not result in additive or aggravated metabolic outcomes. Antioxid. Redox Signal. 14, 391–401.

Introduction

Oxidative injury of pancreatic islet b-cells is im-
plicated in diabetes and insulin resistance (38). Pan-

creatic b-cells are considered to be susceptible to oxidative
stress because islets contain only 1% of catalase, 2% of Se-
dependent glutathione peroxidase-1 (GPX1), and 29% of
Cu,Zn-superoxide dismutase (SOD1) activities as in liver (29,
46). However, ectopic overexpression of these antioxidant
enzymes in vivo has generated conflicting results. While a b-
cell-specific overexpression of SOD1 enhanced mouse resis-
tance to streptozotocin-induced diabetes (24), the same
manipulation of catalase aggravated cytokine-induced and=
or spontaneous type 1 diabetes in non-obese diabetic mice
(30). Strikingly, a global overexpression of GPX1 induced type
2 diabetes-like phenotypes in full-fed mice (33) and chronic
hyperinsulinemia in diet-restricted mice (48). Comparatively,
diminishing superoxide by elevated SOD1 resulted in an
opposite metabolic outcome from that by enhancing hydro-
peroxide-scavengers catalase and GPX1. Seemingly, these
two forms of reactive oxygen species (ROS) may exert distinct

effects on islet physiology and glucose homeostasis. Because
that type of metabolic subtlety and its clinical relevance have
not been thoroughly investigated, an apparent question arises
as if and how knockouts of superoxide scavenger SOD1 and
hydroperoxide scavenger GPX1 alone or together impact
islets integrity and function.

The transcriptional factor pancreatic duodenal homeobox-1
(Pdx1) plays a pivotal role in b-cell growth and insulin syn-
thesis (2, 43). As one of the key upstream regulators of Pdx1,
forkhead box A2 (Foxa2) activates its gene expression in vivo
(16, 27). Uncoupling protein-2 (Ucp2) is one of the key regu-
lators of glucose-stimulated insulin secretion (GSIS) (49). As a
main determinant of b-cell mass (5), apoptosis of islet b-cells
can be triggered by the p53 phosphorylation (4). Consistent
with other studies (6, 23), our previous study has shown an
upregulation of Pdx1 and downregulation of Ucp2 in the
GPX1-overproduced islets (48). However, little is known how
these key regulators respond to elevation of endogenously-
derived superoxide and hydrogen peroxide in islets.

The GPX1 overexpression-induced insulin resistance was
associated with an attenuated phosphorylation of insulin
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receptor (IR, b subunit) and protein kinase B (AKT, at Ser-473
and Thr-308) in liver and muscle (33). Presumably, the over-
produced GPX1 enzyme diminished H2O2 and thereby its
oxidative inhibition of protein tyrosine phosphatase activity
(14, 31). It is unclear if elevating intracellular hydroperoxide
and superoxide by knocking out of GPX1 and SOD1 alone or
together produces a reciprocal outcome. Although ROS is
implicated in pancreatitis (40) and antioxidants intake were
linked to the risk or severity of pancreatitis (41), no study has
explored the specific impact or mechanism of superoxide
and hydrogen peroxide or their pertaining scavengers on
pancreatitis.

To our best knowledge, there is no ideal chemical method
to alter intracellular superoxide and hydrogen peroxide pro-
duction specifically in vivo without complications. Because
results from the GPX1 or SOD1 overexpressing mice may il-
lustrate a more pharmacological rather than a physiological
scenario, we have applied SOD1-=-, GPX1-=-, and their double-
knockout (DKO) mouse models to determine if elevating the
endogenously-derived superoxide and hydroperoxide ex-
erted distinct impacts and unique mechanism on islet physi-
ology, pancreatic integrity, and body glucose homeostasis.
Our results reveal that the elevated intracellular superoxide in
SOD1-=- mice exacerbated type 1 diabetes-like phenotype with
a potent inhibition of the Foxa2=Pdx1-dependent pathway
than those of hydroperoxide in GPX1-=- mice. This finding
provides the first direct evidence for the peculiar functions
and mechanisms of the two major forms of ROS and their
scavenge enzymes in the development of pancreatitis and
diabetes-like phenotypes.

Material and Methods

Mouse models, animal care, and in vivo experiments

The protocols for all mouse experiments were approved
by the Institutional Animal Care and Use Committee at
Cornell University. The GPX1–=–, SOD1–=–, and DKO mice
were derived from the C57BL=6 line and the targeted specific
knockouts were verified (28). All experimental mice were 3–
6-month-old males unless other specified. Mice were given
free access to a Torula yeast and sucrose-based diet (0.3 mg
Se=kg) and distilled water (48). Mice were reared in plastic
cages in a room with constant temperature (228C) and a 12-h
light-dark cycle. Tests with individual mice (fasted for 8 h,
overnight) were conducted for blood glucose concentration,
plasma insulin concentration, insulin tolerance (0.5 U=kg;
Humulin R; Eli Lilly, Indianapolis, IN), glucose tolerance
(1 g=kg, d-glucose), and GSIS (1 g=kg), as described previ-
ously (48). To induce acute pancreatitis, mice (3 months of
age, n¼ 4–6=genotype) were given an i.p. injection of cer-
ulein at a dose of 50 mg=kg. Tail blood samples were col-
lected at 0, 3, and 7 h after the injection to assay for serum
amylase activity.

Histology and immunohistochemistry of pancreas

Quantification of b-cell mass in four genotypes was per-
formed using immunostaining of pancreatic sections (n¼ 4
mice x 3 slides per genotype) with a guinea pig polyclonal
antibody against mouse insulin (Zymed, San Francisco, CA)
as described previously (48). For diagnosis of pancreatitis,
pancreas tissue sections from the four genotypes (2- and 14-

months of age, n¼ 4 mice per genotype by age) were stained
with hematoxylin and eosin, and the slides were examined by
a board-certified pathologist (LGH). To determine if the in-
creased intracellular superoxide in the SOD1-=- mice quen-
ched NO to form peroxynitrite in pancreas, nitrotyrosine
formation, an in vivo indicator of peroxynitrite activity (17)
was compared between the WT and SOD1-=- as previously
described (50). The PBS-treated WT and the acetaminophen-
treated GPX1 overexpressing mice were used as negative and
positive controls, respectively (50).

In vitro experiments

Detailed protocols, reagents, and instruments for islet iso-
lation, culture, insulin secretion, and intracellular total ROS
production were the same as described before (48). For the test
of ATP production, isolated islets (50 per sample, n¼ 3 per
genotype by treatment) were cultured in RPMI medium for
2 h, pre-conditioned in Krebs–Ringer bicarbonate buffer for
90 min, and then incubated for 60 min with 4 or 30 mM glu-
cose in the same buffer. The ATP was extracted from islets and
assayed in triplicates using a kit (Enliten ATP assay kits,
Promega, Madison, WI). For the test of intracellular super-
oxide, islets (100 per sample, n¼ 4 per genotype by treatment)
were cultured in the RPMI 1640 media and were loaded with
the MitoSOX Red superoxide indicator (1 mg= ml), (Molecular
Probes, Eugene, OR) for 30 min (44). The islets were also
incubated with the medium only (basal), hypoxanthine=
xanthine oxidase (HX=XO, superoxide generator: 1mM=500
units=L), diethyldithiocarbamate (DETC, a potent SOD in-
hibitor, 1 mM) or copper diisopropylsalicylate (CuDIPS, a
potent SOD mimic, 2mM) for 24 h.

Three in vitro experiments were conducted to determine
whether the suppressed Foxa2 protein levels in the SOD1-=-

islets were caused by the diminished superoxide-scavenging
capacity. Islets isolated from four WT, SOD1-=-, and GPX1-=-

mice each were pooled and divided into three or two groups
(200 islets per sample, n¼ 3 per treatment). The treatments of
islets included: 1) medium only (10 mM glucose and 10% fetal
bovine serum); 2) DETC; 3) HX=XO; and 4) CuDIPS. Con-
centrations of the three compounds=systems were the same as
described above. After 24 h of incubation, islets were collected
to assay for Foxa2 protein as described below.

Quantification of mRNA, protein, epigenetic
modifications, and activator binding of pdx1

Total RNA of islets (200 per sample, n¼ 6 mice per geno-
type) was prepared (48) to determine insulin-related gene
expression using real time Q-PCR. Primer sequences for tested
genes are described in Supplemental Table 1 (see www
.liebertonline.com=ars). Determinations of acetylation of his-
tone 3 (H3), tri-methylation of H3lysine 4 (H3K4), and Foxa2
protein binding in the proximal 5’promoter region of the pdx1
were conducted as previously described (36). Total protein or
phosphor-protein amounts of insulin-related signal mole-
cules, GPX1, and SOD1 in homogenates of pancreas, liver,
muscle (n¼ 6–8 per genotype), and islets (400 per sample,
n¼ 4 mice per genotype) were determined as previously de-
scribed (33, 48). The homogenates (20–50 mg protein) were
resolved by SDS-polyacrylamide gel (12%) electrophoresis.
Antibodies are listed in Supplemental Table 2 (see www
.liebertonline.com=ars).
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Statistical analyses

Quantitative data were analyzed using SAS (release 6.11;
SAS Institute, Cary, NC). Genotype or treatment effects were
tested by one or two-way ANOVA and Student’s t test. Data
are presented as mean� SE and significance was set at p� 0.05.

Results

Knockout of GPX1 and SOD1 produced different
metabolic phenotypes

Knockouts of SOD1 and GPX1 proteins in the respective
genotypes were confirmed (Fig. 1a). Body weights of SOD1-=-

mice at and after 4 months of age were lower ( p� 0.05) than
those of WT (Fig. 1b). Fasting blood glucose concentrations
were elevated in all three knockout groups compared with
WT, but only the SOD1-=- mice reached statistical significance
(Fig. 1c). Starting at 3 months of age, fasting plasma insulin
concentration (postmortem heart blood) became approxima-

tely 50% lower ( p< 0.05) in SOD1-=- and GPX1-=- than that of
WT, with further reduction ( p� 0.05) in the DKO mice (Fig.
1d). Monthly glucose tolerance test indicated more efficient
blood glucose clearance at 4 months of age ( p< 0.05) in the
SOD1-=- and DKO (at 15 and 30 min) mice, as compare to WT
(Fig.1e). Monthly insulin tolerance test showed improved
insulin sensitivity ( p< 0.05) at 4 months of age in the SOD1-=-

and DKO mice than in the WT mice (Fig.1f). Overall, the DKO
mice exhibited phenotypes similar to those SOD1-=-, but dif-
ferent from those of GPX1-=-.

Knockout of SOD1 impaired islet physiology
more than that of GPX1

The GSIS was attenuated ( p� 0.05) in the GPX1-=- than WT
mice, and was virtually blocked in the SOD1-=- and DKO mice
(Fig. 2a). The same genotype differences in GSIS were also
shown in isolated islets (Fig. 2b). Because GSIS in islets de-
pends on ATP production (32), we measured ATP levels of

FIG. 1. Altered glucose
homeostasis phenotypes
in SOD1-=-, GPX1-=-, and
DKO mice. (a) Verification
of respective protein knock-
out in islets of SOD1-=-,
GPX1-=-, and DKO mice
by Western blot analysis.
(b) Body weights of the
four genotypes from 2 to 6
months of age. (c) Fasting
blood glucose concentra-
tions of the four genotypes
at 3 months of age. (d)
Fasting plasma (postmor-
tem heart blood) insulin
concentrations of the four
genotypes at 3 months of
age. (e) Glucose tolerance
test at 4 months of age
(GTT, 2 g=kg). (f): Insulin
tolerance test at 4 months of
age (ITT, 0.5 U=kg). All data
are means� SE (n¼ 5–6).
Asterisks indicate differ-
ences ( p� 0.05) from the
WT. Double asterisks in-
dicate differences ( p� 0.05)
from all other groups.
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islets (Fig. 2c). Compared with the WT controls, islet ATP
production was lower ( p< 0.05) in all three knockout groups
at the high glucose and also in the SOD1-=- group at the low
glucose. As shown in Figure 2d, islet b-cell mass in pancreatic
tissue was 41%–56% lower ( p< 0.05) in the three knockout
groups than that of the WT.

Knockout of SOD1 and GPX1 elevated respective
islet superoxide and hydroperoxide production

To test if metabolic phenotypes of SOD1-=- and GPX1-=-

were due to alterations of specific ROS, we determined in-
tracellular peroxide (total ROS) and superoxide in cultured
islets (Fig. 3a). The SOD1-=- and DKO islets exhibited higher
level of total ROS (hydroperoxide and superoxide shown by
the green fluorescence) at the basal glucose level than the WT.
The high glucose-induced ROS production appeared stron-
gest in the SOD1-=-, followed by GPX1-=-, DKO, and WT islets.
The baseline and the induced (HX=XO) superoxide produc-
tion in SOD1-=- and DKO islets were greater than in the WT
(Fig. 3b). Treating the WT and GPX1-=- islets with the SOD
inhibitor DETC elevated superoxide formation, while treating

the SOD1-=- and DKO islets with the SOD mimic CuDIPS
attenuated the superoxide production (Fig. 3c). These de-
tected responses validated our measurement of islet super-
oxide, reflecting a potent impact of SOD1 knockout on islet
superoxide tone. In comparison, the shift in intracellular ROS
by the GPX1 knockout was moderate. The DKO showed
similar ROS and superoxide profiles to those of SOD1-=-. To
test if the elevated superoxide in SOD1-=- islets quenched NO
to form peroxynitrite (17), we stained pancreatic sections of
WT and SOD1-=- with anti-nitrotyrosine antibody. Using liver
sections from the acetaminophen-treated WT mice as a posi-
tive control (50), we did not detect any peroxynitrite staining
in either genotype (Supplemental Fig. 1; see www
.liebertonline.com=ars). Thus, their metabolic phenotypes
could not be attributed to possible NO quenching in the
SOD1-=- islets.

Knockout of SOD1 suppressed Foxa2=Pdx1
expression in a superoxide-dependent pathway

To explore molecular mechanisms for the islet phenotypes
of the three knockout groups, we determined mRNA and

FIG. 2. Islets physiology of in SOD1-=-,
GPX1-=- and DKO mice. (a) Effects
of knockouts of SOD1 and GPX1 on
glucose-stimulated insulin secretion
(GSIS, 1g=kg). (b) GSIS in cultured islets
that (30 per sample) were incubated in
1 ml of Hanks buffered saline solution
containing 2.8 (2.8 mM G) or 30 (30 mM
G) mM glucose at 378C for 1 h. (c) ATP
content in cultured islets. (d) Re-
presentative images (n¼ 3 mice x three
slides=genotype) of pancreatic b-cell
mass shown by insulin staining (40X
magnification) (upper panel) and quan-
tification of b-cell mass (lower panel). Data
represent mean� SE; n¼ 4–6 for panels
a, b, and c, and n¼ 9 for panel d. *Asterisks
indicate significant differences ( p< 0.05)
from the respective WT within the same
treatment, # indicates the treatment effect
within the genotype ( panel B), and ** in-
dicates that the GPX1-=- group was dif-
ferent ( p< 0.05) from both WT and
SOD1-=- and DKO groups (For interpre-
tation of the references to color in this
figure legend, the reader is referred to
the web version of this article at www
.liebertonline.com=ars).
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protein expression of three important regulators (Foxa2, Pdx1,
and Ucp2) of b-cell mass, insulin synthesis, and GSIS (8, 25,
26). Compared with WT, the mRNA and protein levels of
Foxa2 and Pdx1 in SOD1-=- and DKO islets were approxi-
mately 45%–70% lower ( p< 0.05, Figs. 4a and 4b). Knockout
of GPX1 resulted in only a decrease ( p< 0.05) of Pdx1 protein.
The three knockout groups had decreased preproinsulin1
mRNA and increased Ucp2 protein, but only the DKO group
displayed elevated ( p< 0.05) ucp2 mRNA.

To verify if the downregulation of Foxa2 protein in the
SOD1-=- and DKO islets was indeed caused by the loss of
superoxide scavenging capacity, we treated islets of various
genotypes with DETC, CuDIPS, and HX=XO (Fig. 4c). While
DETC completely suppressed Foxa2 in the WT islets,
CuDIPS restored the protein in the SOD1-=- islets to the WT
level. Because treating the WT or GPX1-=- islets with HX=XO
displayed little effect on the protein, the two genotypes had
adequate SOD1 activity to cope with the accelerated super-
oxide generation. The low baseline level of Foxa2 in the
SOD1-=- islets was further diminished by the treatment of
HX=XO.

Because acetylation of histone 3 (H3) and trimethylation of
H3K4 in the proximal 5’promoter region of pdx1 are crucial for

its transcription (36), we compared impacts of SOD1 and
GPX1 null on these two events. Compared with the WT, the
SOD1-=- and DKO islets displayed approximately 50%
( p< 0.05) reduction in H3 acetylation (Fig. 5a) and H3K4
methylation (Fig. 5b) in the pdx1 promoter region. Con-
sistently, the Foxa2 binding to the pdx1 promoter was de-
creased ( p< 0.05) by 50% in the SOD1-=- and DKO groups
(Fig. 5c). To further explore molecular mechanisms for the
different phenotypes of SOD1-=- and GPX1-=-, we screened
another 12 insulin synthesis and secretion-related genes in the
four genotypes (Supplemental Fig. 2; see www.liebertonline
.com=ars). Consistent with the lowest islet insulin gene
expression (Fig. 4a) and plasma insulin concentrations
(Fig. 1d), the DKO islets also exhibited downregulated
( p< 0.05) mRNA levels of mafA, beta2, and hnf4a that are
the most important transcriptional factors of b-cell growth
and insulin synthesis (11, 19). Five GSIS-related genes
(glut2, kir6.2, irs2, and glpr1) (3, 21, 45) were downregulated
( p< 0.05) in the SOD1-=- and DKO islets, which might help
explain the blocked GSIS in vivo and in vitro. The SOD1-=-

and DKO islets had upregulated ( p< 0.05) preproglucagon,
glucokinase, and (or) cFos (redox-sensitive) compared with
WT.

FIG. 3. Intracellular ROS Levels in
SOD1-=-, GPX1-=-, and DKO mouse islets.
(a) Islet peroxide levels (green fluorescence)
after 5 h treatment with 5 mM and 25 mM
glucose. (b) Islet superoxide levels (red
fluorescence) after 5 h treatment without or
with the superoxide generator: 200mM HX
and 50 mU=ml XO. (c) Islets superoxide
levels after 5 h treatment with SOD1 inhib-
itor (100 mM DETC) and SOD1 mimic
(10 mM CuDIPS). The images (40X magnifi-
cation) shown were the representative of
four sets of data (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article at www.liebertonline.com=ars).
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Islet p53 was activated by null of SOD1 and GPX1

To determine if apoptosis was involved in the decreased b-
cell mass of the three knockout groups, we assayed islet p53
phosphorylation (ser-15) (Fig. 6). With similar total p53 pro-
tein among the four genotypes, the SOD1-=- and GPX1-=-

group had 1.4-fold higher ( p< 0.05) of P53ser15 than the WT.
Notably, the DKO islets showed no substantial change in
P53ser15 over the WT. To link the activation of p53 to the
presumed increased oxidative stress in the islets, we deter-
mined phosphor-p38 MAPK, a member of the MAP kinase
family involved in cytokine-induced b-cell apoptosis (39).
Compared with WT, the three knockout groups had greater
( p< 0.05) amount of phosphor-p38 MAPK. Likely, an un-
balanced production or shift of superoxide and hydroperox-
ide, rather than the total ROS, activated the p53-dependent
apoptotic pathway.

Knockout of sod1 improved insulin
signaling in liver and muscle

To explain the improved insulin sensitivity in the SOD1-=-

and DKO mice (at 4 months of age), we determined total and
phosphorylated IR (b subunit), insulin substrate 1 (IRS-1), and
AKT in two primary target tissues of insulin: liver and muscle
of mice. Compared with WT, knockout of SOD1 and GPX1
alone or in combination elevated phosphorylation of AKT
(both AKTser473 and AKTthr308) by 35 to 78% ( p< 0.05) (Fig. 7a)
in muscle. Meanwhile, total protein of hepatic IR (b unit) was
35 and 18% greater ( p< 0.05) in the SOD1-=- and DKO mice
than the WT, respectively (Fig. 7b). These two changes in the
SOD1-=- and DKO might additively help improve their
body insulin sensitivity to adapt to the diminished insulin

production. The upregulation of only AKT phosphorylation
in the GPX1-=- mice might be insufficient to produce a sig-
nificant functional improvement.

Knockout of SOD1 and GPX1 rendered mice
different susceptibility to pancreatitis

To determine if null of SOD1 and GPX1 exerted different
impacts on the exocrine integrity of pancreas, we conducted
histological analyses of pancreas from 2- and 14-month-old
mice. The WT pancreas remained normal at both ages (Figs.
8a and 8b), while the GPX1-=- pancreas showed minimal focal
chronic pancreatitis along with minimal hypertrophy of islet
b-cells at 2 months of age. The 14-month-old GPX1-=- mice
remained focal pancreatitis with moderate acinar hypertro-
phy and slight interstitial mononucleated cell infiltration.
The 2-month-old SOD1-=- mice displayed focally extensive
interstitial pancreatitis along with acinar cell degeneration
and necrosis. The old SOD1-=- mice developed multiple
nodular acinar hypertrophy, fibrosis, lobular, severe with
loss of islet, and islet cells containing eosinophilic granules
and hypertrophic. The young DKO mice showed minimal,
but multifocal interstitial pancreatitis; and the old DKO mice
had mild islet cell hypertrophy mixed with eosinophilic
granule-laden cells. After an i.p. injection of cerulein (15), all
four genotypes (3-months-old) developed mild pancreatitis
at 7 h (data not shown). However, the SOD1-=- and DKO mice
exhibited lower ( p< 0.05) whereas the GPX1-=- mice had
greater ( p< 0.05) increase in serum amylase activity (an in-
dicator of acute pancreatitis) than the WT (Fig. 8b). This
difference between the SOD1-=- and GPX1-=- mice depicted
another distinct impact of superoxide and hydroperoxide in
pancreas.

FIG. 4. Changes in gene and
protein expressions of key regu-
lators in SOD1-=-, GPX1-=-, and
DKO mice. (a) Real time Q-PCR
analysis of Foxa2, Pdx1, pre-
proinsulin 1 (PPins1), and Ucp2
mRNA in islets (200 per sample=
animal, n¼ 6 mice=genotype).
Data are means� SE (n¼ 6).
Asterisks indicate differences from
WT ( p< 0.05). (b) Western blot
analysis of Foxa2, Pdx1, and Ucp2
proteins in pancreas of the four
genotypes. Lower panel: represen-
tative (n¼ 4) immunoblots of the
three proteins separated by SDS-
polyacrylamide gel (12%) electro-
phoresis (20–50 g protein=lane).
Upper panel: the relative density of
the protein bands quantified using
the Alpha-Imager 2200 system
(Alpha Innotech, San Leandro,
CA), and normalized to that of ß-
actin on the same membrane. Va-
lues are expressed as mean� SE
(n¼ 4), and the asterisk * indicates
difference ( p< 0.05) from the WT.

(c) Western blot analysis of Foxa2 protein in islets (n¼ 200 per sample, n¼ three=treatment) in response to 1 mM DETC (a
potent SOD inhibitor), 2mM CuDIPS (a potent SOD mimic), or 1mM–500mU=ml HX=XO (superoxide generator). The values
(n¼ 3) under the image represent the relative Foxa2 protein levels.
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Discussion

Roles of superoxide vs. hydroperoxide in glucose
homeostasis and islet physiology

The most striking finding of present study is that knockout
of SOD1 produced severer metabolic phenotypes of islet and
glucose metabolism abnormality than that of GPX1. Com-
pared with liver, islets have moderately low SOD1 activity

FIG. 5. Epigenetic modifications of pdx1 promoter and its
binding to Foxa2 in SOD1-=-, GPX1-=-, and DKO islets.
Immunoprecipitation was carried out overnight with pre-
immune serum (negative control) or primary antibodies (all
from Upstate Biotech=Millipore) to the acetylated histone 3
(H3) and trimethyl-histone 3 lysine 4 (H3K4). After protein
elusion, the released DNA was extracted, precipitated, and
resuspended in water. DNA sequences in the "input" and the
immunoprecipitated samples were quantified relative to the
WT by real-time Q-PCR. (a) H3 acetylation in the pdx1 pro-
moter region. (b) H3K4 trimethylation in the pdx1 promoter
region. (c) Binding of Foxa2 to the pdx1 promoter. The values
are mean� SE (n¼ 4) and expressed as relative to the WT.
The asterisks* indicate difference ( p< 0.05) from the WT.

FIG. 6. Effects of knockouts of SOD1 and GPX1 on total
and phosphorylated protein of p53 (P53 and P53ser15) and
p38 MAPK (P38 or Pp38) in islets (n = 200 per sample). Blots
are representative images of three independent analyses, and
values under respective bands are relative density (mean
SE, n¼ 3). The asterisks* indicate difference ( p< 0.05) from
the WT.

FIG. 7. Impacts of knockouts of SOD1 and GPX1 on liver
and muscle insulin signaling. For determining total (WB)
and phosphorylation (IP) of hepatic insulin receptor (b-
subunit, IRb IP), mice (n¼ 6) fasted overnight (8 h) were given
an ip injection of insulin (5 U=kg) and killed to collect liver
3 min after the injection. After homogenization and immu-
noprecipiation with the anti-IRb antibody, the precipitates
were subjected to Western blot analysis using an antibody
against phosphotyrosine (4G10). For determining Akt pro-
tein and phosphorylation (Thr308 and Ser473), liver and
soleus muscle samples were collected 8 min after mice (fasted
overnight for 8 h, n¼ 6) were given an ip injection of insulin
(10 U=kg). For a given protein, the upper panel shows the
representative images of six independent analyses, and the
lower panel shows the relative density of protein bands
(mean� SE, n¼ 6). The asterisks* indicate difference ( p<
0.05) from the WT.
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(only 24%) and extremely low (only 1%) of GPX1 activity (46).
It is somewhat surprising that knockout of these two enzymes
actually elevated intracellular levels of their respective ROS
substrates: superoxide and hydroperoxide. However, the in-
creased superoxide in the SOD1-=- islets did not quench nitric
oxide (34). Because the DKO mice shared phenotypes similar
to those of SOD1-=- mice that were featured with greater
changes in body weight, hyperglycemia, GTT, ITT, and GSIS
than those of the GPX1-=- mice, altering intracellular super-
oxide disturbed islet function and body glucose metabolism
more than that of hydroperoxide. To our best knowledge, this
represents the first direct evidence for such unique features
of these two forms of ROS in physiological conditions. Al-
though originations and reactivity of superoxide and hy-
droperoxide are different (13), their metabolic subtlety in
b-cell dysfunction and diabetes has been ignored (22). Our
finding highlights the importance in concretizing ROS regu-
lations of islet function and glucose metabolism, and helps
explain why overexpressing superoxide and hydroperox-
ide scavenging enzymes produced variable or opposite out-
comes (24, 30, 33). Clinically, our results provide new clues
to deliver target treatment of particular disorders of diabetes
associated with specific forms of ROS. An excellent exam-
ple is that treating diabetic renal injury of obese rats with
the SOD1 mimetic (tempol) only attenuated pathogenesis of
inflammation, proliferation, and fibrotic changes caused by
superoxide, but showed no effect on the H2O2-associated

glomerular hemodynamics and proteinuria (37). Cardiac
overexpression of catalase rescues cardiac contractile dys-
function induced by insulin resistance (12), while combined
administrations of SOD1 and catalase mimics offered better
treatment effects of diabetic complications than the sole use
of SOD1 mimic (9).

Distinct mechanisms by SOD1 and GPX1 on insulin
synthesis, secretion, and function

While knockout of SOD1 and GPX1 produced similar
decreases in pancreatic b-cell mass and plasma insulin con-
centration, responses of key regulators of these parameters
in the two genotypes were different. The Foxa2 mRNA,
protein, and its binding to the pdx1 promoter were down-
regulated in the SOD1-=- islets, but showed no change in the
GPX1-=- islets. More convincingly, a direct link between
Foxa2 and the SOD1 was established by the diminishing of
Foxa2 in the WT islets treated with the SOD inhibitor, and
the restoration of the protein in the SOD1-=- islets treated
with the SOD mimic. Reciprocally, the SOD1 promoter
contains four consensus Pha-4=Foxa binding sites (35), and
the mouse sod1 is a transcriptional target of Foxa1 (7). The
decreased Pdx1 protein in the SOD1-=- islets was certainly
involved in the islet gene transcription because the pdx1
mRNA, along with the H3 acetylation and H3K4 methyla-
tion in the pdx1 promoter region (36), was downregulated.

FIG. 8. Impacts of knockouts
of SOD1 and GPX1 on pan-
creatic integrity and cerulein-
induced amylase release. (a)
Representative images (n¼ 4
mice x three slides per geno-
type by age) of pancreatic sec-
tions stained with hematoxylin
and eosin (40X magnification).
Left panel (2 months of age):
WT, normal structures of insu-
lin secreting islet, interstitial
blood vessels and acini; GPX1-=-,
multifocal interstitial infiltra-
tion of lymphocytes and mac-
rophages; SOD1-=-, necrotizing
pancreatitis, focally extensive;
DKO, interstitial pancreatitis
with individual acinar cell de-
generation and necrosis. Right
panel (14 months of age): WT,
normal structures of insulin
secreting islet and exocrine ac-
inus; GPX1-=-, perivascular and
interstitial infiltration of neu-
trophils, macrophages and
lymphocytes; SOD1-=-, focal
acinar nodular hyperplasia;
DKO, interstitial pancreatitis
with minimal acinar cell de-
generation. (b) Cerulein-induced
amylase release in plasma.
Mice (3 months of age, n¼ 4–6=genotype) were given an ip injection of cerulein at dose of 50 mg=kg. Tail blood samples were
collected at 0, 3, and 7 h after the injection for the assay of serum amylase activity. Values are mean� SE (n¼ 4–6). The
asterisks* indicate difference ( p< 0.05) from the WT (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article at www.liebertonline.com=ars).
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Without similar declines in pdx1 mRNA and epigenetic
modifications in the GPX1-=- islets, the decreased Pdx1 pro-
tein was probably attributed to an attenuated protein
translation and(or) accelerated protein phosphorylation and
degradation by the elevated H2O2 (6). In addition, the SOD1
knockout produced stronger impact on mafA mRNA than
the GPX1 knockout, despite similar effects on islet hnf4a and
beta2 mRNA. Because the islet p53-dependent apoptotic
signaling did not fully match decrease of pancreatic islet b-
cell mass across all three knockout groups, it remains to be
clarified whether apoptosis contributed to that change. Fu-
ture research should also be conducted to illustrate how the
changes of Pdx1 and Foxa2 induced by knockout of
GPX1 and SOD1 affect b-cell differentiation, survival, and
regeneration.

The similar decreases in ATP production and increases in
Ucp2 protein in the SOD1-=- and GPX1-=- mice were consistent
with their attenuated GSIS in vivo and (or) in vitro as com-
pared with the WT. The upregulation of Ucp2 protein in the
absence of SOD1 and GPX1 might constitute a compensatory
mechanism to uncouple the mitochondrial and prevent fur-
ther ROS formation (48). The concurrent downregulation of
glut2, kir6.2, and glpr1 expressions in the SOD1-=- and DKO
islets further explains why in vivo and in vitro GSIS were
virtually blocked in these two genotypes. These three mole-
cules are important regulators of GSIS, and their alteration or
modification has been involved in insulin secretion disorders
(3, 42, 45). It is scientifically fascinating and clinically relevant
for us to illustrate such a distinct impact of superoxide and
hydroperoxide on their gene expression.

Knockout of SOD1 enhanced AKT phosphorylation in
muscle and total amount of IR (b unit) in liver, which might
jointly help improve insulin sensitivity over the WT. In con-
trast, knockout of GPX1 elevated only AKT phosphorylation
in muscle and resulted in no substantial improvement in body
insulin sensitivity. Previous studies have provided evidence
that SOD3 gene polymorphism is associated with insulin re-
sistance and incidence of diabetes (1). However, elevating
GPX1 activity has been shown to be associated with insulin
resistance in mice (33) or humans (10). In fact, H2O2 inhibits
protein tyrosine phosphatase (e.g., PTP-1b) activity (31), and
thereby prolongs insulin-induced phosphorylation of insulin
receptor b-subunit (18) and AKT (14). Thus, certain amounts
of intracellular hydroperoxide are required for sensitizing
insulin signaling. The improved insulin sensitivity in the
SOD1-=- mice implies an inhibition of protein tyrosine phos-
phatases by superoxide similar to or stronger than that by
H2O2. That improvement could in part signify an adaptation
to the diminished insulin production and secretion. However,
the observed differences in body weight and yet to be deter-
mined differences in body composition (fat and lean
mass), organ development, and feed intake among the three
knockout groups might also be associated with their insulin
sensitivity.

Net metabolic effects of double knockout of GPX1 and
SOD1 resemble those of SOD1 knockout in all of the tested
molecular mechanisms except for p53 phosphorylation. Thus,
all these mechanisms were mainly controlled by changes of
intracellular superoxide instead of H2O2 levels. The lack of
upregulation of p53 phosphorylation in the DKO islets, con-
trary to the single null groups, implies that the balance
between SOD1 and GPX1 for maintaining appropriate ratio

of superoxide and hydrogen peroxide regulates islet ap-
optosis.

Pathological implications of sod1 and gpx1
knockout models

Compared with WT, the SOD1-=- mice developed type 1
diabetes-like phenotype. The signs included decreased body
weight and b-cell mass, hypoinsulinemia, diminished GSIS,
and hyperglycemia. The improved glucose tolerance and in-
creased insulin sensitivity might compensate and thus help
delay or escape the onset of overt symptoms. However, these
mice had elevated blood ketone bodies and urine glucose
(data not shown), increased bone deterioration (47), and eye
problems (20) similar to the long-term complications of type 1
diabetes. It seems that these SOD1-=- mice may serve as a
novel model to study ROS-related type 1 diabetes and its
complications. Compared with the SOD1-=- mice, the GPX1-=-

mice developed only moderate hyperglycemia and showed
no body weight change over the WT. However, these GPX1-=-

mice were sensitive to the cerulein-induced increase in serum
amylase and thus may serve as a model for studying role of
ROS and antioxidants in acute pancreatitis.

Overall, our study reveals that knockout of SOD1 impaired
islet function, pancreas integrity, and body glucose homeo-
stasis more than that of GPX1. However, caution should be
given for interpretation of this novel finding. Because all three
global knockout models developed pancreatitis, their meta-
bolic phenotypes are likely associated with inflammation and
potential impairments of both endocrine and exocrine func-
tions (40, 41). Impacts of GPX1 and SOD1 knockouts on cy-
tokine gene expression and function in islets and pancreas
should be monitored in future research. More importantly, b-
cell specific knockout models of SOD1 and GPX1 should be
generated to elucidate metabolic roles of these enzymes spe-
cifically in b-cell integrity and function.
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